Colorectal cancer (CRC) has become a heavy health burden around the world, accounting for about 10% of newly diagnosed cancer cases. In the present study, we aimed to establish the miRNA-based prediction signature to assess the prognosis of CRC patients.
Background
Colorectal cancer (CRC) is a serious health problem worldwide. It is the third most prevalence cancer, accounting for about 10% of new cancer cases, and is the second most common cause of cancer-related deaths [1] . In China, CRC is the third most common cancer and is the fifth most common cause of cancer-related deaths. There are an estimated 376.3 newly diagnosed CRC cases per 100 000 population every year [2] . As in other Asian countries, CRC is third most prevalent cancer in males and the second most prevalent cancer in females in Japan [3] . In Europe, CRC is the second most common cancer, and the mortality rate is decreasing both in men (-6.7%) and women (-7.5%) from 2012 to 2018 [4] . In the USA, CRC is the third most common cancer, and the 5-year relative survival rate is 80.1% to 88.1% in the patients with stage I-II, and is only 12.6% in stage IV patients [5] . Although the number of new CRC diagnoses and deaths has sharply fallen in the USA, more and more CRC patients younger than 50 years old were diagnosed in past decades, and there has been an increase in early death rates since 2000 [6] . Thus, for CRC patients, an efficient prediction biomarker is essential to predict prognosis.
MicroRNAs (miRNAs) are a class of small non-coding RNAs that regulate the protein-encoded gene after transcription by binding to the 3'-UTR of mRNA, and about half of mRNAs are thus regulated by miRNAs [7, 8] . Recently, more and more miRNAs are found to have pivotal roles in cancer cell proliferation, differentiation, or apoptosis [9] [10] [11] . Thus, miRNAs could be involved in tumorigenesis or recurrence as oncogenes or suppressors by altering cell signaling pathways [12, 13] . With the development of gene sequencing, miRNAs are seen as potential biomarkers, not only in early-stage detection of cancer, but also in the prediction of prognosis [14] [15] [16] [17] .
In the current study, we established the miRNA-based prediction signature to evaluate the death risk and recurrence risk for CRC patients, based on the miRNA matrix and clinical information of TCGA CRC patients.
Material and Methods

CRC patients' database download
We obtained CRC datasets from the TCGA database [18] , which contains miRNA expression data of 451 CRC patients, as well as overall survival (OS) and recurrence-free survival (RFS) information. We randomly divided these 451 CRC patients into a training cohort and a validation cohort.
MiRNAs candidate screening and establishment of prediction signature
Univariate Cox analysis of each single miRNA with OS and RFS was evaluated in the training cohort to determine all the potential miRNAs. The formula of miRNA-based prediction signatures was establishment based on LASSO Cox regression analyses, according to the hazards ratio (HR) and co-efficient (co-ef). R (v3.3.1) was used to complete all the analysis, and we used the "glmnet" package (2.0-10) for LASSO analysis.
Kaplan-Meier (K-M) curve and receiver operating characteristic (ROC) curve
We obtained the risk scores of all the patients in the training cohort and validation cohort, with the pre-established OS-and RFS-related miRNA prediction signatures, respectively. In each cohort, CRC patients were also divided into low-risk and highrisk groups to complete the following evaluation, based on the risk score <0 or >0. We measured the difference in OS between the high-risk and low-risk patients stratified by the OS-related miRNA prediction model, and also analyzed the difference in RFS between the high-risk and low-risk patients stratified by the RFS-related miRNA prediction model. ROC curves and the area under the ROC curve (AUC) were also calculated to assess the discriminatory ability and stability of the OS-and RFSrelated miRNAs prediction signatures.
Target prediction and function annotation
To further explore the function of miRNAs enrolled in the CRC prognosis prediction signatures, we predicted the downstream correlated genes with the web-interactive prediction tool, TargetScan [19] . For all the enrolled downstream genes, we managed the pathway annotation to screen the hypothetical biological pathways involved in the OS-or RFS-related positive prediction miRNAs. GO ontology and KEGG pathway analyses were conducted by DAVID (P value 0.05). Visualization of these miRNAs and genes association was performed using Cytoscape software (Cytoscape Consortium, San Diego, CA, USA).
Results
Establishment of the OS-and RFS-prediction signature for CRC patients
Univariable Cox analysis and multiple LASSO Cox regression analysis were conducted to choose the most OS-and RFSrelated miRNAs among CRC patients. With the miRNA data matrix of the TCGA database, we screened all the miRNAs that were positively associated with the OS and RFS of CRC patients, respectively. Finally, there were 27 miRNAs obtained 7259 for establishing the prediction signature of CRC patients' OS (Supplementary Figure 1A) . Simultaneously, another 19 miRNAs reflecting the process of RFS were also acquired (Supplementary Figure 1B ).
Using LASSO Cox regression analysis, we drew out the prediction signature-involved miRNAs to evaluate OS and RFS. For predicting the OS of CRC patients, we found that miR-216a (HR=1.620, 95% CI=1.190-2.190, P=0.002, co-ef=0.480), miR-887 (HR=1.990, 95% CI=1.330-2.970, P<0.001, co-ef=0.690), miR-376b (HR=0.520, 95% CI=0.370-0.740, P<0.001, co-ef=-0.660), miR-891a (HR=1.200, 95% CI=0.960-1.500, P=0.108, co-ef=0.180) ( Figure 1A) , and the risk score formula of the OS for each CRC patient was risk score=0.480×miR-216a+0.690×miR-887-0.660×miR-376b+0.180×miR-891a (Supplementary Table 1 Figure 1B ). The risk score formula of the OS for each CRC patient is risk score=0.495×miR-1343+0.06×miR-149+0.001×miR-181a-1+0.15×miR-217-0.087×miR-3130-1-0.21×miR-378a+0.194×miR-542+0.359×miR-6716-0.192×miR-7-3-0.258×miR-7702+0.233×miR-677+0.362×miR-891a (Supplementary Table 2 ). Along with the signature prediction formulas, the risk scores of OS and RFS for each patient in the training cohort and validation cohort were assessed.
Discrimination of the miRNAs prediction signature in the training and validation cohorts
To evaluate the discrimination of the miRNA-based prediction signatures, we managed the K-M curve to compare the OS or RFS in different risk groups. For OS prediction signature, patients with low-risk scores presented much better OS time compare to the high-risk group of the training cohort (P<0.001) ( Figure 2A ), as well as in the validation group (P=0.019) ( Figure 2C ). These results indicated that the prediction signatures based on miR-216a, miR-887, miR-376b, and miR-819a could reveal the prognosis of OS time for CRC patients. For the RFS prediction signature, patients with low risk scores had much better recurrence-free survival times compare to the high-risk group of the training cohort (P<0.001) ( Figure 3A ), as well as in the validation group (P=0.0011) ( Figure 3C ). These results indicated that the 12-miRNA-based prediction signature could predict the RFS time for CRC patients.
Efficiency of the miRNAs prediction signature in the training and validation cohorts
ROC curve and AUC were used to assess the discriminatory ability and stability for OS or RFS prediction signature in training and validation cohorts. For the OS prediction signature, the dependent variable was whether the CRC patient was alive or not. The ROC curve in the training cohort shown an AUC of 0.712, with 95% CI of 0.637-0.788 ( Figure 2B ), while the AUC was 0.657 with 95% CI of 0.462-0.853 ( Figure 2D ) for the validation cohort. These results disclosed that the 4 miRNAs-based prediction signatures precisely and steadily assessed the OS risk for CRC patients. For RFS prediction signature, the dependent variable was whether the CRC was recurrent or not. The ROC curve in the training cohort showed the AUC was 0.714 with 95% CI of 0.611-0.818 ( Figure 3B ), while it was 0.651 with 95% CI of 0.502-0.800 ( Figure 3D ) for the validation cohort. These results disclosed that the 4 miRNAsbased prediction signatures precisely assessed judge the RFS of CRC patients. 
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Function annotation of the downstream genes for OS-and RFS-related miRNAs
We predicted the downstream correlated genes using the TargetScan web interactive prediction tool [19] . The networks of downstream genes for the 4 OS-related miRNAs are displayed in Figure 4A visualized with Cytoscape, and the downstream genes of the RFS related miRNAs are shown in Figure 4B . Pathway annotation was performed to discover the biological pathways involved in the progression of CRC ( Figure 5 , Supplementary  Figure 2 ). For the target genes predicted by OS-related miRNA signature ( Figure 5 ), GO-BP- 
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inhibitor resistance. For the downstream genes linked to RFSrelated miRNAs, similar results were obtained (Supplementary Figure 2 ). All these results show that the downstream target genes in the prediction bioscience pathways are related to CRC initiation, progression, and drug resistance. 
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(Supplementary Table 3 ). The ROC curve revealed that the multiple nomogram (AUC=0.680, 95% CI=0.623-0.736), pathologic stage (AUC=0.722, 95% CI=0.650-0.794), and the miRNAbased classifier (AUC=0.644, 95% CI=0.577-0.711) were all good tools to predict the survival status of CRC patients ( Figure 6A ).
For RFS, 12-based predicting miRNAs-based classifier precisely predicted the recurrence status. In the multiple nomogram analysis of hazard ratio of the factors, we found that male sex (P=0.004779), Stage IV (P=0.04232), and the miRNA classifier (P<0.001) are independent factors increasing the risk of death (Supplementary Table 4 ). The ROC curve revealed that the multiple nomogram (AUC=0.686, 95% CI=0.616-0.755), the miRNA classifier (AUC=0.664, 95% CI=0.592-0.736), and pathologic stage (AUC=0.670, 95% CI=0.589-0.752) are all good tools to predict the recurrence status of HCC patients ( Figure 6B ). Moreover, details of the clinicopathological features of these patients were shown in Supplementary Table 5 .
Discussion
CRC is a common cancer with the high incidence and can cause a high rate of cancer-related death, of which the 5-year survival rate is about 64-67% [20] . Surgery is still the criterion standard treatment for early or even advanced CRC [21, 22] , and 30-50% of recurrence of CRC after surgery occurs within the first 2 years [23] . It is essential to find efficient prediction tools to predict the prognosis for each individual patient, aiming to provide timely and precise therapy.
Several miRNAs have been reported to be associated with the CRC progression or recurrence. In a clinical study, Baltruskevicienee et al. [24] revealed that miR-148a and miR-625-30 were downregulated in CRC, while patients with high expression of miR-148a had shorter RFS times. Takahashi et al. [25] observed a similar phenomenon among advanced CRC patients, showing that low miR-148a expression was correlated with a remarkably shorter disease-free survival time and indicated a poor OS. Hibino et al. [26] found that miR-148a could promote the invasion of CRC through MMP7. Ashizawa et al. [27] revealed that miR-148a-3p could negatively regulate the expression of PD-L1 in colorectal cancer cells, and further the immunosuppressive tumor microenvironment. Zhuang et al. [28] demonstrated that miR-106b-5p is a suppressor of CRC through the MALAT1/miR-106b-5p/SLAIN2 signaling pathway. Chen et al. [29] discovered that miR-203a-3p promotes the proliferation and migration of CRC through its target gene, PDE4D.
In the current study, we established the miRNA-based prediction signature of OS and RFS for CRC patients. For the OSrelated miRNA prediction signature, miRNA-216a, miRNA-887, miRNA-376b, and miRNA-891a were used to build the prediction formula, and the predicted OS of each patient was calculated with the formula, then we divided the patients into a low risk of death group and a high risk of death group among the 2 cohorts (training and validation cohorts). For RFS-related miRNA prediction signature, we used miR-1343, miR-149, miR-181a-1, miR-217, miR-3130-1, miR-378a, miR-542, miR-6716, miR-7-3, miR-7702, miR-677, and miR-891a to construct the formula, and divided the patients with low and high recurrence risk in the training and validation cohorts. The results showed that the novel miRNA prediction signature of OS could precisely and reliably predict the OS of CRC patients, and the RFS prediction formula had the similar results. Several previous 
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publications support it effective prediction of CRC prognosis. Zhang et al. [30] revealed that miR-216a could suppress the function of KIAA1199, and subsequently decreased invasion in vitro and metastasis in vivo. Qiu et al. [31] discovered that the incidence of miR-376b variant is higher in tumor tissue than in adjacent normal tissue, and this variant could influence the target genes of miR-376b. No previous studies have assessed how the other miRNAs are involved in the development and prognosis of CRC. The functional annotation of OSand RFS-related prediction miRNAs and their downstream genes showed the potential mechanisms of CRC. For example, the AMPK signaling pathway and Ras signaling pathway were associated with the OS of CRC reveled by KEGG analysis, and these results have been verified by other researchers [32, 33] . Co-ef -co-efficient; Exp (co-ef) -expected (co-ef); Se (co-ef) -standard error (co-ef). Co-ef -co-efficient; Exp (co-ef) -expected (co-ef); Se (co-ef) -standard error (co-ef).
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Conclusions
Overall, we established 2 novel miRNA prediction signatures of OS and RFS for CRC patients, which successfully classify the CRC patients into low-and high-risk groups, as well as reveal the risk of death and recurrence for CRC patients. These 2 novel miRNA signatures are reliable tools for use in assessing the prognosis of CRC patients. Supplementary Table 3 . Cox regression analyses of OS-related miRNA signature and clinical features was performed to evaluate the coefficient.
Co-ef -co-efficient; Exp (co-ef) -expected (co-ef); Se (co-ef) -standard error (co-ef). Co-ef -co-efficient; Exp (co-ef) -expected (co-ef); Se (co-ef) -standard error (co-ef). 
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